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SUMMARY
An analysiswasmadeforpredictingtemperaturecoveryfactorsfor
U developedflowina tube.Mostoftheattentionwasconfinedto
turbulentflow. Somequalitativer sultswereobtainedforlaminarflow
by settingtheedtJycliffusivityintheequationforturbulentflowequsl
to zeroandusingtheincompressibleparsbolicvelocityprofileforlam-
inarflow.ForzeroMachnuniberthelsminarflowresultswereexact.
Radis3variationofpropertieswasneglectedinmostofthecalculations.
k Theeffectofwalltemperaturegradientalongthetubewasnegligiblefor
turbulentflowbelowMachnmbersof0.9and0.98forReynoldsnumbersof
20,000and390,000,respectively.Forlsminarflowtheeffectbecsmeti-6 portantatmuchlowerMachnunbers.
Recoveryfactorswereobtainedexpertientallyfora rsmgeofReyn-
olds.numberfrom630to 30,000.Additionalpreviouslyunpublisheddata
me presentedforReynoldsnumbersup to 650,000.Theresultsindicate
thatintheturbulentflowregiontherecoveryfactoris approximately
independentofReynoldsnumber.InthetransitionregionforReynolds
nunbersbetween2000and3000therecoveryfactorisreducedshruptlyto
a valuelowerthsnthatobtainedfortheturbulentflowregion.
Comparisonofthepredictedrecoveryfactorwithexperimntsldata
indicatedthattheeffectivevslueofratioof eddydiffusivitiesfor
heattransfertQnnnentumtransfervariesfrom1 at a Reynoldsnumber
of 5000to1.09at a Reyuoldsnmber of 400)000.Theratioof eddy
diffusivitieswasslsoobtainedfrommeasurementsofheat-trsnsfercoef-
ficientsandsn analysis.Comparisonofpredictedwithmeasuredheat-
trsnsfercoefficientsindicateseffectiveddydiffusivityratiosslightly
lessthsnthosecalculatedfromrecoveryfactors.
Theanalysisubstantiatedtheexpertientslresult hatcorrelations
forheattransferwithoutfrictionalheatingcanbe appliedto thecase
withfrictionalheatingby basingtheheat-transfercoefficientonthe
differenceb tweentheWSU temperaturesmdtheadi~aticwalltemperature
ratherthsnonthetifferencebetweenthewallandthefluidbulk
l temperature.
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INTRODUCTION “
Mostoftheworkontemperaturecoveryfactorshasbeenconfined
to supersonicflowoverexternalsurfaces(ref.1). Erictionslheating
athighsupersonicMachnu&ers,togetherwithmaterislimitations,nec-
essitatesaccuratecalculationsof surfacetemperaturesinthisregion.
A knowledgeofrecoveryfactorsisalsonecessaryforcalculating
convectiveh attransferforflowintubesathighsubsonicMschnumbers
andsmalltemperaturedifferences.Thiscasewasstudiedexpertiental.ly ~
andreportedinreference2. Theworkwasextendedto supersonicflow
inthestudyofreference3. It is showninreference2 andby theanal-
ysishereinthat,forturbulentflow,low-velocityheat-transfercorrelat-
ions canbe usedforhighervelocitiesiftheheat-trsnsfercoefficient
isbasedonthedifferenceb tweentheWSU andtheadiabaticwsXltem-
peraturesratherthanonthedifferenceb tweenthew@l andthefluid
bulktemperatures.CalculationftheadiabaticWSU temperature,orthe
temperaturetheWSJJwouldassumewithnoheattransfer,dependson a
knowledgeof therecoveryfactor.“ 4
Thepresentexperiment&1workcoversa rangeofReynoldsnumbers
from640to30,000.Thevsluesreportedinreference2 wereobtained
fora Reynoldsnumberof approximately30,0~. Previouslyunpublished a:
vsluesobtainedimconnectionwiththeworkinreference4 weremeasured
forReynoldsnumbersfrom250,~0to 650,000andarereportedherein.
Verylittleanalyticalworkhasbeendoneon fullydevelopedrecov-
eryfactors,slthoughsomesnalysisappearsinreference5. (Fullyde- —
velopedishereintskentomesnthattherecoveryfactorisindependent
ofdistancefromthetubeinletandthatthevelocityandtotal-
temperatureprofilesaresimilaratvs.riousdistancesfromthetubein-
let.) Inthepresentreport,mostoftheattentionisconfinedto fully
developedsubsonicturbulentflow.Somequalitativer sultsaregiven
forhminarflowby droppingtheeddydiffusivityfromtheequationsfor
turbulentflow.
Intheturbulentcasetherecoveryfactorisquitesensitivetothe
ratioofeddydiffusivitiesforheattransfertomomentumtransfer.The
meaneffectiveeddydiffusivityratioata crosssectionof thetubecan
be esttiatedbycompsringthepresentsmll.ysiswiththemeasuredvslues
ofrecoveryfactorsreportedherein.
SYMBOLS
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insidetubediameter
heat-trsnsfercoefficientforno frictionalheating,~(to - ~)
heat-trsnsfercoefficientwithfrictionalheating,~(to - to,a)
thermalconductivityof fluid
constsnt,0.124
staticpressure
rateofheattransferperunitsxeatowardttiecenter
rateofheattransferperunitareafrominsidewsll-toward
center
gs5constant
radius
insidetuberadius
totaltemperature,
~2
t+= , degabs
,sL-P
bti or averagetotsltemperatureof fluidatcrosssectionof
tube,degabs
bullsor aversgetotsltemperatureof fluidatcrosssectionof
tubewithnoheattr=sfer,degabs
walltemperature,degabs
adiabaticWSU temperature,
statictemperature,degabs
degam
statictemperaturewithnoheattrsnsfer,degabs
buKkor averagestatictemperatureoffluidat crosssectionof
tube,degabs
bulkor averagestatictemperatureoffluidatcrosssectionof
lnibewithnoheattransfer,degabs
velocityparallelto axisoftube
bulkor averagevelocityatcrosssectionofttie
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velocity
velocity
distance
distance
ratioof
radisldirection
negativeradisl.direction
in
in
&Longinibe
from tube welt
specificheats,tdcenas1.40forair
eddydiffusivityformomentum
eddydiffusivityforheat
K&m&n constant,0.36
vi13cosity
kinematicviscosity,~/p
density
bulkor averegedensity
r-
*
shear
shear
stressinfluid
stressatwall
Pa-meters:Dimensionlesss
rat io, 6h/6eddydifusivity
frictionfactor,
D(dp/dx)fr ‘To=—
2g)g P<
frictionalheating,hD/k
Machnumber,—
+g’
Nusseltn@er forno
Nusseltnwnberwithfrictional.heating,~, @k
Prandtlnumber,c#k
Reynoldsnumber,PubD/v
.
w
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T+f
~+
O,a
+0ttieradiusparsmeter,~
2(T0- T)cpp
total-temperaturepsrsmeterforadiabaticcase,
‘o
totalbulktemperaturepsrsmeterforadi~aticcase,
2(T0- Tb)cp
‘o
bulktemperature
(to - ~)~T()
parameter, r
(to
adiabaticwsJJ.temperatureparsmekr,
- to a)cpTO
%-
bulkvelocity
valueof u+
wslldistance
valueof y+
at y;
psrsmeter,(~’
atintersectionf
andflowatdistancefYomwalJ
Tb-~O
recoveryfactors1 - —9,q2cp
Stiscript:
fr on friction-pressureg sdient
ANALYSIS
Y)/v
curvesforflowclosetowall
In orderto calculatetinerecoveryfactorsforflowthrougha ttie,
thetemperaturedistributioni thettiewillfirstbe obtainedfromthe
energyequation.Theenergyequationforfullydevelopedturbulentflow
ina tzibeisderivedin ~pendixA andcanbewrittenas
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where T isthetotaltemperatureand t thestatictemperature.The
baw denotetimeaverages,andthepr~s indicatefluctuatingcompo-
nents.Equation(1)isthessmeasequation(A7) inappendixA ifthe
.
barsoverthetime-aversgedvelocities,temperatures,andpropertiesme
dropped. -.
By introducingtheeddydiffusivities-formomentumandheattrans-
fer,definedby
&
~z.E_
&
andsetting
T=(v+p@
equation(1)becomes
(rO- { -y) [(k+Pcpa.,y)cppu~ = $ (r~
where& istheratioof eddydiffusivitiesforheat
tumtransfer.
(2)
% 11+U’c (3)
trsmsfertomomen-
Thepresentsectionconcernsthecasewherethewallisinsulated,
sndhence ()%Fo=o (4)
If equation(3)ismultipliedthroughby dy andintegratedbetween
thewallandthecenterof thetube,thereresults
where pu wasregardedasindependentof x fromcontinuity.The
rightsideoftheequationiszerobecausetheexpressioninbrackets
iszeroattheinsulatedwsJJsndatthecenterofthepassage.The
bulktemperatureisdefined
*
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(6)
Jr. p~(ro - Y)@
Tb~ 0
J
r.
pu(ro-
0
constantspecificheat. Thenumerator
areindependent
Thisresultisused
of x by equation(5)
inthenextparsgraph.
be obt~d by othermetlnods,butitisof
YkY
7
(6)
anddenominatorinequation
sndcontinuity.Therefore
‘(7)
Equation(7)can,of course,
interesthatit followsfrom
equation(3). Althoughq/dx = O by equation(7),dT/dx+ O at some
radii,sothattheleftsideof equation(1)willbe retainedsndanes-
timatemadeof itsimportance.
*
It isassmnedhereinthatthetotsl-tempers,tureprofileisfully
developed,orb
‘O-T
To - Tb= /(Y)
Dffferentiationfequation(8)withrespecto x gives
(8)
(9)
whereequation(7)wasused.
DimensionlessFormofEnergyEquation
Intheremainderoftheanslysistheeffectof radialvsriationof
propertiesisneglected.It is showninreference6 thattheeffectof
radial.variationofpropertiesontheturbulentvelocityprofileisneg-
ligibleforadiabaticflowat subsonicMachmmibers.It isreasonable
to assumethatthessmeresultholdsforturbulentemperatureprofiles
andrecoveryfactors.
If equation(9)is substitutedintoequation(3)anddhensionless
quantitiessreintroduced,thefollowingequationresults
.
—
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(10)
where du/dywaseliminatedby equation(2)smd
,. Ton/g
In obtainingeqution(10),thestatic
by usingtherelation
~2
T=t+~
An estimateof A ismadein appendix
.[
1-
1(n)
temperaturewaaeliminated
—
(12) ‘w
B by usingone-dimensionsJ- *-
flowtheory.One-dimensionalflowis-a reasonableas&mptionfortur-
bulentflowbecausethevelocityandtemperatureprofilesforthatcase
tendtobe uniformovermostofthecrosssection.
sionfor A is
~=%’ M2
‘r—
%42 1 -
~2
Forthequsmtityz/T. inequation(10),the
relation
T lY—=- —
‘o ‘o
willbeused. It is showninreference6 thatthe
Theresultingexpres-
(13)
incompressible
(14)
velocityprofilein =
turbulentflowisinsensitiveto thewayinwhichthesheerstressvaries
withradius.Itwouldbe expectedthatthessmeresultwouldholdfor
recoveryfactors.
Theuseof equation(14)forcompressibletyrbulentflowcanslso
be justifiedby considerationofthemomentumequation(eq.(Al)).Equa-
tion(Al.) canbe useddirectlyforfully*veloped.turbtientflowby re-
placingp by p + PC andletting~ = O. Fortwbulentflow)where
thevelocityprofiletendstobe flat,u Wax = ~ ~/~. Ifthe
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pressuregradientis
-P% ~/h sndthe
i-lmm+
separatedintothemomentum
frictionpressuregradient
(2) isintroduced
integration.
Substituting
twicegives
.1-
intoequation(Al),equation(14)
equations(13]and(14)into(10)
9
pressuregradient
-2T~ro, andequation
resultson
andintegrating
- P’)(r~- y+)dy+
Jo
and
u+(r~- y+)dy+
EddyDiffudvity
(16)
(17)
Expressionsfor
Theeddydiffusivity= b equation(15)isobtainedfromthefol-
lowingexpressions,whichsre
7
erimentsllyverifiedinreferences4 and
7: ForflowclosetotheWSJJ.@ < 26)
Forflowinthe
.
isused,where
0.124and0.36,
(e=n2uy l-e )-n2uy/v (18)
regionawayfromthewall(y+> 26)theK6rm& relation
E
n and x sre
respectively.
_ x2(4m)3 (19)
(d2u/dy2)2
experimentalconstantshavingthevalues
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By integrationfeqyation(2)fortheregionawayfromthewsll
withviscoushearstressneglected,smdusingequations(14)and(19),
vonK&rm&nobtainedthefollowingdimensionlessequation(ref.8):
—
Equation(19)becomes,on substitutionfthefirstandseconderiva-
tivesfromequation(%),
forflow
For
sionless
intheregionawsyfrom
flowclose
formas
wherethevshes of
tributfoninfigure
and
Valuesof @’
Machnunibercan
Thedefinition
(ref.2),mdwhich
(20)
to thewall,
*
wU21-
(21)
thewall.
equation(18)canbewrittenin&hnen-
E n%+y+(1- e-n~+y+~—=
v ) (22)
generalizedvelocitydis-U+ areobtainedfromthe
1.
+ forvariousvslues of r:asa functionof y
nowbe calculatedfromequation(15).
TemperatureR coveryFactors
f recoveryfactorususJJ_yusedinexpertientslwork
isusedhere,canbewritten
An alternatedefinitionwhichissometimesusedis
(23)
-:
-- ‘-
.
—
(24)
—
.
.
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IIcwever,equations(23)and(24)arestrictlyequivalentonlyfora uni-
formvelocitydistribution,inasmuchas
au2
Tb= ~+& (25)
where a is a factoraccountingforthenonum.iformi~ofthevelocity
profile,havinga valueof1 fora uniformprofile.Inasmuchastotal.
ratherthanstatic,bulktemperaturesaremeasuredin
ments,theuseofequation(23)istobepreferred.
Equation(23)csnbewrittenintermsof re~
tiesas
&
~
=1+—
+2
%
thepresentexpe~i-
calculatedquanti-
(26)
2 where T;’o and ~, fora given r: and M, areobtainedfromequations$4 (15),(16),and(17)andthe u+ againsty+ ploth
$3 fromrefer&nce
~
ususlReynolds
. culatedfrom
.
7. If it is desiredto obtainq asa
nuniberratherthanof r~,theReynolds
ExternalHeatTransfer
Forcslculat5ngtheetiernslheattransfer
athighvelocities,theener~ equation(3)can
figure1, obtained
functionofthe
numbercanbe cal-
(27)
forflowthrougha tube
bewrittenas -
(r.- Yk@l g ‘ -$ [(r.- Y)cj (28)
where
Forthecaseofno externslheattransferfromthewsll,itisshownin
thesectionEffectofWsllTemperatureGrsdientonRecove~Factorthat
theleftsideof equation(3)csmbe neglectedexceptatveryhighsub-
sonicMachnumbers.Equation(28)thenshowsthat q s O atw r~i.
Fornoexternslheattransferequation(29)thereforebecomes
o = -(k+ pCpL@ ~ - UT (30)
,,
,
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where UT isassumedtobe unaffectedlyheattransfer(s?nsd.1heat
tramsfer). Subtractingequation(30)fromequation(29)gives
d(t- ta)
~
=-(k+pcp~e) ~
Integratingequation(31)fromthewsllto y gives
ta - t-+to-
Multiplyingequation(32)by
(31)
(32)
(r.- y)udy,integratingfromthewsllto
Jr.thetubecenter,anddividingby u(ro- Y)* giveo
~,.-~+to-to,a= Jrou(ro-’)[JY=%=+,33)
f
r.
U(ro- Y)CW
o
.
Settingt’b=~ a,or Tb=~b ~, sincetheheattransferis assumedto
be smallandth~ theeffectof’heatransferonMe v~ocitYProffiec= , .
be neglected,resultsin
.o-toaJr .(r.-y)(34,
=
)
f
r.
U(ro- Y)W
o
Thequsmtity~ wassetequaltO ~,a becausethewelltemperatureis
comparedtotheadiabaticwslltemperatureforthessmebulktemperature.
In dimensionlessformeqpation(34)becomes
.
.
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fr:u+(.,.y+l[(’+~;]w+
& = J“oU+(’:- y+)dy+
o
(35)
of qf~ inequation(35)isnotimportantfor
exceptpossiblyatverylowReynoldsnumbers.
Theexact vsriation
turbulentflow(ref.4),
For &C/ax independentof y, equation(28)csnbe integratedfirst,
fromthewsJltoa pointinthefluid,andthenfromthewsllto thecen-
terofthetube.Eliminating?ll!!/&betweenthetwoeq~tionsandcon-
vertingtheresulto dimensionlessformgive
(36)
Equation(36)isthessmeastheequationforno frictionalheatingob-
tainedinreference8. Notethatq ssusedhereincontainsa contribu-
tionfromdissipation(eq.(29)). ,
TheNusseltnuuiberisgivenby
2r>
%,a – +-—
‘O,a
(37)
Equation(37) followsfromthedefinitionsof thevariousquantities
involved.
.
If inequation(29)theterm UT hadbeenneglected,thatis,if
frictionalheatinghadbeenne@ectedb theanslysis,t~,a inequation
(35)wouldhavebeenreplacedby ~, amdtheequtionforNusseltnumber
wouldbecome
2rJPr
Nu=—
%
(38)
A
Thus,theresultforno frictionalheatingisidenticsl@ thatforfric-
tionalheatingifthebulktemperatureinthedefinitionof theheat-
transfercoefficientisreplacedby theadiabaticwalltemperature.This
istheresultwhichwasfoundexperhnenl%llyinreference2.
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APPARATUSMD EROCEDU75
Thepresenta~sratuswasdesignedto_&terminetheeffectonre-
coveryfactorofReynoldsnumberslesstha 30,000.Airatsuhatmos-
phericpressuxewaspassedth-rougha thin-walledtubetestsection.
ArrangementofApparatus
Thegenersls.rrangementoftheapps.ratusisshowninfigure2. Alr
atroomtemperatureandpressurefirstentersa temperatestabilizing
boxwitha volumeof 2 cubicfeetpinkedwithsteelwool. Thenitflows
inturnthyougha throttlingvslve,a rotsmeter,sminletmixingtsmkin
whichthetotaltemperatureandpressureoftheairaremeasured,the
testsection,anoutletmixingtankinwhichtheoutlettotsltemperature
ismeasured,a secondthrottlingvslve,smefiaustank,andthelabora-
torysltitudexhaustsystem.Thedensity~d velocityinthetestsec-
tionwere controlledby thethrottlingvslves.
Themixingtankswerethermsllyinsulatedby a layerofglasswool
enclosedin aluminumfoil.ThetestsectionwasthermsJLyinsulatedby
a l~er ofglasswoolenclosedina thinsteelcylinder3 inchesin
dismeter.Theentireapparatuswasenclosedina tenttominimizethe
effectsof fluctuatingroomairtemperaturesndcurrentsproducedby the
roomairconditioner.
TestSection
A disgrsmofthetestsectionis showninfigure2. The test sec.
tionwasthemiddleportionof anInconeltube51 incheslongwithan
insidediameterof0.222inchandawall.thicknessof0.014inch.The
dists.nceb tweenthefirstsndls.stp~ssuretapwas44.4inchesndcom-
prisedthetestsectionproper;thustheapproachad exitsectionswere
short(3.3in.).Thetest-sectiontubingww fastenedtothemixing
tsmksbymeansofl-inchcubicalLuciteblockswhichminimizedthecon-
ductionofheatateachendof thetestsection.
Staticpressurewasmeasuredattheentrancesmdexitofthetest
sectionbymesnsofpressuretapslocatedinLuciteblocks.
Thethermocouplesconsistedof 32-g~e.iron-constantanwire,first
butt-weldedtoformthejunctionandthenspot-weldedtothetestsection.
Locationofthethermocouplesi showninfigure2. Thewalltemperature
thermocoupleswereconnecteddifferentisXQ-withtheinlettotal-airtem-
peraturethermocouples,andthedifferenti~.temperaturewasmessuredby
meansof a self-bslancingpotentiometermodifiedtogivefull-sceled -
flectionat1 millivolt.
A
.
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Procedure
Beforeeachrunthereadingon thepotentiometerforno flowthrough
thetestsectionwascheckedto obtainthezeroreading.Thentheair-
flowrateandpressurelevelinthetestsectionweresetatthedesired
values.Forhighflowratestemperatureequilibriwnwasu usllyreached
ina fewminutes,andall.readingswererecorded.Forlowflowrates
temperatureequilibriumwasdifficultto discern,sndreadingswerere-
cordedshortlys.fterthedifferenceb tweentheinlettotaltemperature
andthewalltemperaturehadreacheda maximumvslue.Readingswere
thereafterrecordedwheneverthetemperaturedifferencereacheda msx-
imumorminimumvsluefora 2-to 3-hourperiod.
Measuredvaluesof staticpressureattheinletofthetestsection,
static-pressured opslongthetestsection,~rfl.owrate,inlettotsl
temperatureof theairmeasuredintheinletmixingtank,andtemperature
differenceb tweentheinlettotsltemperaturesadtheadiabaticwsll
temperatureattheexitofthetestsectionaxegivenin
RESULTSANDDISCUSSION
ExperimentalResults
Valuesof temperaturecoveryfactorasdefinedby
averagefrictionfactor,andReyuoldsmmiberobtainedin
table1.
equation(23),
thepresentin-
vesti~ationaregiven& table~. Therecoveryfactorisbasedonthe
measuredtemperaturedifferenceb tweenthetotalairtemperatureinthe
inlettankandthewsll.temperatureattheexitofthetestsection.For
airflowratescorrespondingtoReynoldsnumbersabove3300,themeasured
temperaturedifferencewasaffectedslightlyby fluctuationsintheroom
airtemperatureof10 or @ F. Thetotslairtemperaturethermocouple
respondedfasterto changesintheairtemperaturethauthewdl temper-
atureof thetestsection;hence,anincreaseinroomd-rtemperature-
sultedin a msximumdifferenceb tweenthetotalairtemperatureandthe
wslltemperature,whereasa decreaseintheroomairtemperaturesulted
ina minimumtemperaturedifference.Theroomairtemperaturevariations
werecausedby thecyclicoperationoftheroomair-conditioningtit
sndwereUSUSH.Yrepetitiveathslf-hourintervals.Thetimerequired
toreachequilibriumwasonlya fewminutesatthehigherflowrates,snd
hencetheminimumsndmsxbnmvsLuesof temperaturedifferencedeviated
onlyslightlyfromthetime-aversgedvslue,andtherecoveryfactorcan
be indicatedby thenumericalaverageof theminimumandmaximumvslues
(e.g.,thelastsixruns).
A strictlyadiabaticflowconditionwasdifficultoobtaininthe
.
experimentalwork,sincea temperaturedifferenceexistedbetweenthesur-
roundingairin theroomandthewall.of thetestsection.Therefore,
.
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calculationsweremadeto determinetheeffectonrecoveryfactorof
heattrsmsferredtotheairinthetestsectionfromthesurroundings, --
eventhoughtherewasno indicationbymeasurementshatthetotalair
temperatureincreasedbetweentheinletandexitofthetestsection.
Thecalculationsinticatedthatthiseffectonrecoveryfactorwas
—
negligible. 4
.-
Theestimatedmaximumpossiblerrorincalculatingtherecovery
factorisas follows: i
Reynoldsnumber Error, &
percent
Above16,000 *2
4,000to 16,000 A6
Belowa Reynoldsnumberof 4,000themaximunpossiblerrorrsmgesfrom
A8 ta+26percent,and70percentofthesedatahavem errorofless
thanA20percent.Approximatelytwo-thirdsofthetotalerrorcanbe ~.-
attributedtothecombinederrorsofmeasuringTb - To ~d converti%
-a
millivoltsto degreesFshrenhe,it. d
ValuesoftherecoveryfactorsgivenQ tableI areplottedagainst
Reynoldsnumberinfigure3. Includedare”vshesofrecoveryfactorob-
tainedinreference2 andsomepreviouslyunpublisheddataobtainedat
theNACALewislaboratoryinconjunctionwiththeheat-transferinvesti-
gationpresentedin reference4.
Intheturbulentflowregion(Reynolds-numbersabove3000)thetem-
peraturerecoveryfactorisnearlyindependentofReynoldsnumber.The
averagevslueis0.88,whichagreeswithvaJ_ues,forflowparsJlelto
flatplates.
ForReynoldsnumbersbelow3000inthetransitionregionthere-
coveryfactorisabruptlyreducedtovalueslessthan0.8. Theminimum
andmaximumvsluesof recoveryfactorshowedthegreatestdeviationfor
a Reynoldsnumberof 29C0.Dumingthis~ thestatic-pressuredrop
alongthetestsgctionincreasedslightly,theflowratewasmaintained
constant,andtherewasan attendantincreaseinthemaiimumandminimum
valuesof therecoveryfactor,whichindicatedthepossibilityhatthe
flowconditionschsngedfroma lsminsxto a turbulentvelocityprofile
neartheexitofthetestsection.
Inthekminarflowregiontherecoveryfactorsincreasedwithde-
creasingReynoldsnumbers.Several.checkrunsweremadeinthisregion,
andtheresultswerenotasreproducible~ thoseobtainedinthetur-
bulentflowregion.
—
—
. _—
—
.—
—
.
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In figure4 theaversgefrictioncoefficients‘basedonthestatic-
pressuredropslongthetestsectionem Qotted.againstReynoldsnum-
ber. Theresultsindicatethatthetransitionfromlsminartaturbulent
flowoccurredprincipallyatReynoldsnumbersbetween2000and3000,
althoughsomedeviationfromthepredictedcurveforfullyturbulentflow
occurredatReynoldsnumbersup to 6000.
AnslyticslResults
Theequationsrequiredforcalculatingrecoveryfactorsandheat-
transfercoefficientswereobtainedtitheAJ?ALYSISsection.
Effectof’wslltemperaturegradientonrecoveryfactor.- Thepres-
enceofMachnumberinequation(15) isdueto thefacttiatthewall
temperaturegradientisnotzero.Thewalltemperaturegradientwas
writtenintermsofMachnumber(seeeqs.(10),(n), and(13) by using
one-dimensionalflowtheory,inasmuchssMachnumberis a morefsmiliar
quantitysndnmreread31yinterpreted.Equations(11) and(13)or equa-
tion(B6)indicatesthatthewallt~eraturegradientbecomesindefi-
nitelylargeastheMachnumberapproaches1.
Turbulentrecoveryfactorasa functionofMachnuniberforseveral.
Reynoldsnumbers,a Prandtlnumberof0.73,anda ratioof eddyd-iffu-
sivitiesforheattransfertomomentumtransferof1 areplottedinfig-
ure5. Thesecurveswerecalculatedfromequations(15), (16),(17),
(21), (22),(26),and(27)andthe u+ sgainsty+ plotinfigure1.
Exceptforthecase M = O, equation(15)mustbe solvedby iterationfor
a givenvslueof ~’, inasmuchas P’ occursonbothsidesofthe
equation.Thecorrectvalueof ~’ wasobtainedby ~rialsnderror.
Thatis,itwasnecesssryto tryseveralvaluesof ~ ontheright
sideof equation(15)inorderto finda valuewhichwouldagreewith
thatgivenby equation(16).Thecurvesindicatethat”theeffectof
walltemperaturegradientisnegligibleatMachnumbersbelow0.9for
Re = 20,000andbelow0.98for Re = 390,000.Thecurveforthehigher
Reynoldsnumberiscutoffatthepointshownbecausecomputationaldif-
ficultieswereencounteredathigherMschnumbers.
Plottedforcomparisonarelsminarecoveryfactorsobtainedby let-
tingtheeddydiffusivityintheequationforturbulentrecoveryfactor
equalzeroandusingtheincompressibleparabolicvelocityprofilefor
bminsrflow.Theseresultsforlsminarflow=e probablyonlyqualita-
tiveinasmchastheone-dhensionalpproximationsmadeintheanalysis
arenotaccurateforlsminarflow.It isof interesthattheeffectof
WSU temperaturegradientbecomesimportantat
* thanforturbulentflow.For M = O equation
andtheexpressionforrecoveryfactorbecomes
. T=2=-1
muchlowerMachnumbers
(15)canbe integrated,
(39)
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Equation.(39)isexactbecausethe
not.tivolvedwhen M = O.
one--,nsional
Reference5’statesthat q = 2Pr ratherthan
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approximationsare
2Pr- 1. Thediff-
erence5.sapparentlyduetothefactthattherecoveryfactor,isdefined
intermsof statictemperatures(eq.(24))ratherthanintermsoftotal
temperatures(eq.(23))inreference5. A6mentionedpreviously,thetwo
defin3tiQnswouldbe equivalentonlyfor a = 1 (uniformveiocityprofile).
It shouldbementionedthattheresultsfortherangeofMmh num-
berswheretherecoveryfactorsdeviateapprecishlyfromtheirincompres-
siblevsluesmaybe opento questionevenfortheturbulentcase,because
therecoveryfactorwasassumedtobe independentof distancealongthe
tube.At highMachnumberstheMachnumbervariesslongthetube,so
thatiftherecoveryfactoralsovariesappreciablywithMachnumber,it
willvaryslangthetube.Theamlysismaythereforebe chieflyuseful
‘ forindicatingtherangeofMachnumbersforwhichtheeffectofwall
temperaturegradientisnegligible.Fortunately,theresultsindicatea
considerablerangeof subsonicMechnuniber%overwhichthisistrue. In
theremainderofthecalculationstheeffectofwalltemperaturegradient
orofMachnumberontherecoveryfactorisneglected.
Ratioofeddydiffusivitiesforheattrmsfertomomentumtransfer
fromrecoveryfactors.- Theratioofeddydiffusivitiesforheattrwas-
fertomomentumtransfer& occurs~ eq~tion (Is). me ~ysIs, to-
getherwithexperimentaldataonrecove~-factors,maythereforepr&ide
a methodforestimatingtheratiooftheeddydiffusivities.
In figure6 thepredictedrecoveryfactorsareplottedsgatistReyn-
oldsnumberforvariousvsluesof & Thecurvesindicatethat @ has
a considerableeffectontherecoveryfactor,thelatterdecreasingas
aJincreases.Thiscanbe explainedbythefactthatsmincreasein LZ,
or intheeddydiffusivityforheattrsmsfer,tendstomakethestatic
temperaturemoreuniformandthusthetotgltemperaturel ssuniform,
sincethetwot~peraturesvaryinopposi~directions(thestatictem-
peraturedecreaseswithdistancefromthe..wall,whereasthetotsltem-
peratureincreasesforrecoveryfactorslessthsn1).
In fi~e 7 thepredictedrecoveryfactorcurveforsm & of1.07
iscomparedwiththemeasuredvaluesofrecovemfactorshowninfigure
3. Thepredictedcurveisinreasonableagreementwiththedatabutin-
dicatesa greatervariationwithReynoldsnumberthanthemeasuredvalues
of recweryfactor.
Comparisonfthecurvesforvariousvaluesof & infigure6with
themeasuredvsluesindicatesthattheb~stagreementwouldbeobtained
by USQ a valueof CV thatvariesfromabout1 ata Reynoldsnumber
of 5000to1.09ataReynoldsnumberof @,000. Thisisthetrend
.
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thatispredictedinreference8 froma considerationoftheeffectof
. conductionto aneddyasitmovestransversely.It ispredictedthere
that e increaseswithPecletnumber(Pe=RePr).
It shouldbementionedthatthevaluesof @ obtadnedfromrecovery
factorsaremeaneffectivevalues.Thelocalvsl.uesof ~ mayvarywith
radius.MoreisssAdaboutthisin thenextsection.
Eddydiffusivityratiofromheat-transfermeawrements.- Thers.tio
of eddydiffusivitiescanalsobe obtainedfrommeasurementsofheat-
trsnsfercoefficientsandfromtheANALYSIS,sinceeqwtion(35)con-
tains& lhsseltnumberas a functionofReynoldsnmber csmbe calcul-
ated fromequations(35),(36),and 37) or (38
figures1 and8. Thevsriationof J
~,vith ~,~),r~ds~(~,fl;ig
ure 8 was obtainedinreference4. ForobtainingNusseltnumberas a
functionofReynoldsnumber,thepsrameterr~ is assignedarbitrary
vslues.
~. CalculatedNusseltnumbersforvaluesof @ of1 snd1.07sre
plottedinfigure9. Includedforcomparisonareexperimentaldatafrom
reference4.
g
Thedataarein slightlybettersgreenentwiththecurve
foran * of1, althoughthedifferenceb tweenthetwocurvesm~ be
. withintheexperimentalerrorof thedata.Thecurvesandthedatain-
dicatethat,asinthecaseof recove~factors,thevshes of & at
thelowReynoldsnunibersarelowerthanatthehighReynoldsnunibers.
Theslightlylowereffectivevsluesof & forheattransferthm
forrecoveryfactorsmightbe explainedby assmingthat CV increases
withdistancefromthewsJL. In thecaseofheattrsnsferthetemper-
aturegradientatthewallisverylargecompsredwithgradientsat
otherpositions,andhencethe.effectivevalueof @ shouldbe close
tothevalueatthews3J..
In thecaseofrecoveryfactors,sincethetemperaturegradientis
zeroatthewall.,theeffectivevalueof & shouldcorrespondto the
localvslueat.somepointawayfromthewall;thatis,theeffective
valuemsybehigher.Theass~tion,that CV increaseswfthdistance
franthewallissupportedby expe?xhnentsreportedinreference9.
SUMMARYOFRESUGTS
Measuredvaluesof temperaturecoveryfactarsforairflowingin
a tubeindicatedthat:
1.In theturbulentflowregionforReynoldsnumbersgreaterthan
3000,therecoveryfactorisapproximatelyindependentofReynoldsnuder
andhasamaveragevalueof0.88.
.
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2.InthetransitionregionforReynoldsnumbersbetween2000and
3000therecoveryfactorisreducedabruptly”to a vsluelowerthanthat .
obtainedfortheturbulentflowregion.
Thefollowingresultswereobtained@om thesmslysisofrecovery
factorsforfullydevelopedflowina tube:
1.WsJltemperaturegradientalongthetubehasa negligibleeffect
ontheturbulentrecoveryfactorforMachniimberslessthsmabout0.9.
Theeffectofwalltemperaturegradientonbminsrrecoveryfactorsbe-
comesimportantatmuchlowerMachnunibers.
!!3
I-J
2.Comparisonfthepredictedrecoveryfactorswithexpertientsl
dataindicatedthattheeffectivevs3ueof”-ratioofeddydiffusivities
forheattransfertomomentumtransfervsriesfromabout1 ataReyn-
oldsnumberof 5000to about1.09ataRempldsnmer of 400JO00.
Theeffectivevsluesofeddydiffusivityratioappearedtobe slightly
lessforheat-transfercoefficients.
“-
3.Theanalysisubstantiatedtheexperimentalresult hatcorrela- .
tionsforheattransferwithoutfrictionalheatingcanbe ayplfedto
frictionalheatingbybasingtheheat-transfercoefficientonthediffer-
encebetweentheWSJ3.temperaturesndtheadiabaticwalltemperature .
(forthesamebulktemperature),ratherthiiaonthedifferenceb tween
thewsllandthefluidbu3Jstemperatures.
LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics
Cleveland,Ohio,July2.2,1958
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APPENDIX A
.
DERIVATIONOFTURBULENTENERGYEQUATION
Themethodof derivationgivenhereisessentiallythessmeasthat
usedinreference10 forflowovera flatplate.Theequationsofmo-
mentum,continuity,sndenergyusedhereinforsymmetricslflowin a tube
canbemitten,respectively,as
atPucp-& +
-4
Timederivativesare
-4-a pu)x
statisticallysteady.Multiplyingequation(Al)throughby u smdadd-
. ingtheresult o equation(A3)give
where ~ isconsideredconstsnt.Iftheinstantaneousquantitiesin
equation(A4)arereplacedby thesumoftheirtimeaversgendfluctuat-
ingcomponents,ndtheequationof conttiuity isused,thefollowingis
obtained:
(A5)
wherethebound~-l~er assmptionshavebeenusedad thefluctuations
ofthephysicalpropertiesareasmm.edsmallcompsredwiththeirme=
values.Butbecause
. .’
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equation(A5)becomes
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Forfullydevelopedflowthereisnomeanrsdidmassflow,or,p%
—
zero.If,inaddition>r isrepl=edby(ro- Y)>~ bY ‘VJ ‘d
(A6)
Is
the
leftsideof equation(A6)ismittenintermsoftotaltemperate,it
—
becomes
(.O- [ -y’(’:-”cp&o’==’=)l (A7) ‘Y)CPF::=* (.O
.
.
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APPENDIX
CALCULATIONF
Thetemperaturecoveryfactoris
temperatureas
B
@Po/dx
givenin terms oftotalbulk
‘b - ‘O
~ l-—= 2 2C%J
(I@
P
Forfullydevelopedflowtherecoveryfactoris independentof x. Dif-
ferentiatingequation(Bl)andusingeqpation(7)give
(B2)
In thepresentdevelopmentone-dimensionalflow is assumed;that is, the
. factthatthevelocityandtemperaturevarywithradislpositionisne-
glected.Thisis a reasonableassumptionforturbulentflow. By using
thecontinuityrelationw = ~~A, eqmtion(B2)canbewrittenas
.
mo 2(H - To)~
—=dx %=
(
Inorderto obtain~dx b termsofknownquem.tities,thetotal-
pressuredropiswrittenasthesumofthemomentumsndthefriction
pressuredrops,or
B3)
d& 2%
.Ub=
-%%4 (B4) .
Differentiatingtheperfectgaslaw p =
oftotslbulktemperatureforone-dbnensional
..2
.?4
andusingequation(7)andcontinuitygiveon
~R~ andthedefinition
flow(a= 1)
% f%%2/ro
—=
ax & R~/cp - R%
substitutioni to(B4)
(B5)
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Substitutingequation(B5)into(B3)sadusingthe_perfect
CP= RT/(y- 1) smdthedefinitionofMachnumbergive
dfl~
—=
dx
or,usingthedefinitionsof
1.
2.
3.
4.
5.
6.
7.
8.
2(Tb- TO)f TM2
‘O 1 - M2
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w
gasrelation‘
.
(B6)
X, 11$’,and f,theresultingequationis
(B7)
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